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SEMICONDUCTOR DEVICE AND METHOD
OF MANUFACTURING THE SAME

CROSS-REFERENCE TO RELATED
APPLICATION

The present application claims priority from Japanese

Patent Application No. JP 2006-228828 filed on Aug. 25,
2006, the content of which 1s hereby incorporated by refer-
ence 1nto this application.

TECHNICAL FIELD OF THE INVENTION

The present invention relates to a technique for manufac-
turing a semiconductor device. More particularly, the present
invention relates to a technique effectively applied to a semi-
conductor device having an electrically rewritable non-vola-
tile memory and a method of manufacturing the same.

BACKGROUND OF THE INVENTION

A semiconductor device in which an electrically rewritable
non-volatile memory and a microcomputer are embedded on
a single silicon substrate has been widely used as an embed-
ded microcomputer for industrial machines, home appli-
ances, in-vehicle devices and the like.

The non-volatile memory of the semiconductor device
described above stores therein a program required by the
microcomputer and uses it as needed. As a cell structure of
such a non-volatile memory suitable for embedding, there 1s
a split-gate memory cell 1n which a select MOS (Metal Oxide
Semiconductor) transistor and a memory MOS transistor are
connected 1n series.

Among the split-gate memory cells, especially, a memory
cell structure in which a gate electrode of the memory MOS
transistor (hereinafter, referred to as memory gate) 1s
arranged on a sidewall of a gate electrode of the select MOS
transistor (hereinaiter, referred to as select gate) by using
self-alignment technique can reduce the gate length of the
memory gate to be equal to or shorter than the minimum
resolution of lithography. Therefore, fine memory cells canbe
realized compared to a memory cell structure 1n which the
select gate and memory gate are independently formed by
ctching using a photoresist film as a mask (e.g., Japanese
Patent Application Laid-Open Publication No. 2003-046002
(Patent Document 1) and “1997 Symposium on VLSI Tech-
nology Digest of Technical Papers (1997) pp. 63-64” (Non-
Patent Document 1)).

Of the two kinds of MOS transistors which configure the
split-gate memory cell, the memory MOS transistor stores
information by holding charges in 1ts gate nsulating film.
This charge-holding method mainly includes two types of
methods. One 1s a tloating-gate method 1n which a conductive
polycrystalline silicon film 1solated electrically 1s used for a
part of the gate msulating film (e.g., Japanese Patent Appli-
cation Laid-Open Publication No. 2004-363122 (Patent
Document 2) and “2000 Symposium on VLSI Technology
Digest of Technical Papers (2000) pp. 120-121” (Non-Patent
Document 2)), and the other 1s a MONOS (Metal Oxide
Nitride Oxide Semiconductor) method 1n which charges are
accumulated 1n an 1nsulating film such as a silicon nitride film
having a property to store charges (e.g., Patent Document 1
and Non-Patent Document 1).

In both of the two types of charge-holding methods, a
silicon oxide film having excellent insulation properties 1s
inserted between a region to accumulate charges and a silicon
substrate. However, 1n the floating-gate method, when leak-
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age paths locally occur 1n the silicon oxide film, held charges
leak toward the substrate side through these leakage paths,
which poses a problem that the held charges cannot be main-
tained. On the other hand, 1n the MONOS method, since held
charges are spatially discretized in the 1nsulating film func-
tioning as a charge-holding film, only the held charges in the
periphery of leakage paths leak. Therefore, 1t has an advan-
tage that extreme reduction in charge-holding life does not
OCCUL.

FIG. 28 shows the split-gate memory cell utilizing seli-
alignment technique, that is, a cross-sectional structure of a
memory cell that adopts the MONOS method as 1ts charge-
holding method. The memory cell 1s comprised of a select
MOS transistor and a memory MOS transistor. After a select
gate 32 1s formed, a memory gate 31 1s formed on a sidewall
of the select gate 32 1n a self-alignment manner with inter-
posing a gate msulating film 33 therebetween. A gate msulat-
ing film 34 of the select MOS ftransistor 1s comprised of a
silicon oxide film. The gate insulating film 33 of the memory
MOS transistor 1s comprised of a three-layered film of a
bottom oxide film 33a as a first potential barrier film, a silicon
nitride film 335 as a charge-holding film, and a top oxide film
33c as a second potential barrier film stacked in this order.
Although not shown, the select gate 32 1s connected to a select
gate line, and the memory gate 31 1s connected to a word line,
respectively. Further, a source region 33 of the select MOS
transistor 1s connected to a common source line, and a drain
region 36 of the memory MOS transistor 1s connected to a
data line, respectively.

In the writing to the memory cell, a predetermined voltage
1s applied to the drain region 36 and the memory gate 31 of the
memory MOS transistor simultancously with turning the
select MOS transistor to an ON state. At this time, by setting
the condition that a high electric field 1s generated 1n a bound-
ary region between the select MOS transistor and memory
MOS transistor, hot electrons occur on a surface ot the silicon
substrate 30 1n this region and then part of them are injected
to the memory gate 31 side (SSI: Source Side Injection).
These 1injected hot electrons are trapped in the silicon nitride
film 3356 which 1s a part of the gate insulating film 33 of the
memory MOS transistor, and the information 1s thus written.
On the other hand, in the deletion of the information, a nega-
tive bias 1s applied to the memory gate 31 and a positive bias
1s applied to the drain region 36 to generate hot holes by
interband tunneling 1njection, and the hot holes are mjected
into the silicon mitride film 335 to neutralize electrons (hot-
hole erasing).

Further, 1n order to improve efliciency of the writing opera-
tion described above, a structure 1s known, 1in which a lower
surface of the silicon nitride film 335 as the charge-holding
f1lm 1s located lower than an interface between the gate 1nsu-
lating film 34 of the select MOS transistor and the silicon
substrate 1 as shown 1n FI1G. 29 (e.g., Japanese Patent Appli-
cation Laid-Open Publication No. 2004-186663 (Patent

Document 3) and Japanese Patent Application Laid-Open
Publication No. 2001-168219 (Patent Document 4)).

SUMMARY OF THE INVENTION

In the course of the development of the split-gate memory
cell using the MONOS method, the inventors of the present
invention have found out a phenomenon in which the thresh-
old voltage does not decrease to a predetermined value 1n the
deletion (electrons are left unerased) as the number of times
of the information rewriting increases. Due to such a phenom-
enon, the amount of hole ijection required for the deletion 1s
increased, and the deterioration of the bottom insulating film
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caused by the deleting operation 1s hastened. Consequently, 1t
leads to limitation in the number of times of the rewriting.

According to the result of a detailed analysis on the phe-
nomenon 1n which electrons are left unerased, the inventors of
the present invention have found out that this phenomenon 1s
caused by the difference between the spatial distribution of
written electrons 1n the charge-holding film and the positions
to inject holes in deletion. This phenomenon will be described
with reference to FIG. 30. FIG. 30 1s an enlarged view of the
rectangular region pointed by the arrow 1n FI1G. 28.

The region where hot electrons are generated 1n the writing,
1s Just below a region electrically separating the select gate 32
and the memory gate 31. The electrons injected to the silicon
nitride film 335 from this region are preferentially trapped
from the injected position. Therefore, distribution of written
electrons tends to be localized.

On the other hand, 1n the deletion, hot holes are mjected
from an edge of the drain region 36 of the memory MOS
transistor in the arrow direction. Though the injected holes are
alfected by the electric field of the memory gate 31 and
diffused slightly toward the select MOS transistor side, the
density of trapped holes 1s rapidly decreased as separated
from the 1njection edge. Therefore, since the spatial distribu-
tion 1s separated from that of written electrons, localized
clectrons cannot be erased completely, and the phenomenon
of electrons left unerased occurs.

According to a further analysis on the reason why the
difference occurs in trapping positions between electrons and
holes, the inventors of the present invention have found out
that the difference 1s significant particularly in the case where
a part of the silicon nitride film 335 as the charge-holding film
1s located lower than an 1interface between the gate mnsulating
f1lm 34 of the select MOS transistor and the silicon substrate
1. This 1s because the injected electrons directly come into the
s1licon nitride film 335 without being scattered 1n the bottom
oxide film 33q and are localized at a position farthest from
that of 1njected holes.

The positional relation of the silicon nitride film 335 and
the surface of silicon substrate 1 1n a vertical direction 1s a
problem caused when securing a process margin as follows.
Just before a process to form the memory MOS transistor, a
process to remove the gate msulating film 34 and the gate
clectrode material of the select MOS transistor by dry etching
1s performed. In this dry-etching process, the over-etching 1s
necessary so as to surely perform the removal on the entire
surface of the water. Therefore, a part of the surface of silicon
waler 1 1s concaved. It the bottom oxide film 334 1s formed
through thermal oxidation in the state where the concave 1s
present, since the oxidation progresses from the surface of the
s1licon substrate 1 to 1ts mside, 1t 1s concaved deeper. There-
fore, when the silicon nitride film 335 as the charge-holding
film 1s formed thereafter, a part thereof 1s located lower than
the imterface between the gate msulating film 34 of the select
MOS transistor and the silicon substrate 1.

An object of the present invention 1s to provide a technique
capable of improving rewrite tolerability of a split-gate
memory cell that adopts the MONOS method.

The above and other objects and novel characteristics of the
present invention will be apparent from the description of this
specification and the accompanying drawings.

The typical ones of the inventions disclosed in this appli-
cation will be brietly described as follows.

A semiconductor device according to the present invention
comprises: a plurality of memory cells arranged 1n matrix 1n
a first direction of a main surface of a semiconductor substrate
of a first conductivity type and a second direction crossing the
first direction at right angle, wherein each of the plurality of
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memory cells includes: a select gate formed on the semicon-
ductor substrate with interposing a first gate msulating film
therebetween; a memory gate formed on one sidewall of the
select gate and 1nsulated from the select gate and the semi-
conductor substrate via a second gate insulating film; a source
region formed of a semiconductor region of a second conduc-
tivity type formed in the semiconductor substrate adjacent to
the select gate; and a drain region formed of a semiconductor
region of the second conductivity type formed 1n the semi-
conductor substrate adjacent to the memory gate, wherein the
second gate msulating film 1s configured to include at least a
potential barrier film and a charge-holding film stacked on the
potential barrier film, and wherein an iterface between the
potential barrier {ilm and the charge-holding film 1n a neigh

borhood of a bottom part of the select gate 1s located at a
position as high as or higher than that of an interface between
the semiconductor substrate and the first gate insulating film.

Also, a method of manufacturing a semiconductor device
according to the present invention 1s a manufacturing method
of a semiconductor device which comprises: a plurality of
memory cells arranged 1n matrix 1n a first direction of a main
surface of a semiconductor substrate of a first conductivity
type and a second direction crossing the first direction at right
angle, wherein each of the plurality of memory cells includes:
a select gate formed on the semiconductor substrate with
interposing a first gate insulating film therebetween; a
memory gate formed on one sidewall of the select gate and
insulated from the select gate and the semiconductor sub-
strate via a second gate insulating film; a source region
formed of a semiconductor region of a second conductivity
type formed 1n the semiconductor substrate adjacent to the
select gate; and a drain region formed of a semiconductor
region of the second conductivity type formed in the semi-
conductor substrate adjacent to the memory gate, wherein the
second gate msulating film 1s configured to include at least a
potential barrier film and a charge-holding film stacked on the
potential barrier film, wherein a process to form the memory
cell includes the steps of: (a) forming the select gate on the
semiconductor substrate with interposing the first gate insu-
lating film therebetween; (b) forming the second gate 1nsu-
lating film 1ncluding at least the potential barrier film and the
charge-holding film so as to cover a surface of the semicon-
ductor substrate and a surface of the select gate; (¢) forming
the memory gate on one sidewall of the select gate by pat-
terning a conductive film formed on the second gate msulat-
ing film; (d) leaving the second insulating film between the
sidewall of the select gate and the memory gate and between
the semiconductor substrate and the memory gate by pattern-
ing the second gate insulating film; and (¢) forming the source
region formed of the semiconductor region of the second
conductivity type 1n the semiconductor substrate adjacent to
the select gate and forming the drain region formed of the
semiconductor region of the second conductivity type in the
semiconductor substrate adjacent to the memory gate by
introducing an impurity into the semiconductor substrate, and
wherein, 1n the step (b), the second gate insulating film 1s
formed so that an interface between the potential barrier film
and the charge-holding film 1n a neighborhood of a bottom
part of the select gate 1s located at a position as high as or

higher than an interface between the semiconductor substrate
and the first gate isulating film.

-

The effects obtained by typical aspects of the present
invention will be briefly described below.

Rewrite tolerability of a memory cell can be improved.
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BRIEF DESCRIPTIONS OF THE DRAWINGS

FI1G. 1 1s aplan view of main parts showing a memory array
region ol a semiconductor device according to an embodi-
ment of the present invention;

FI1G. 2 1s a cross-sectional view taken along the line A-A in
FIG. 1;

FI1G. 3 1s an enlarged cross-sectional view showing a part of
FIG. 2;

FIG. 4 1s a cross-sectional view of main parts showing a
method of manufacturing the semiconductor device accord-
ing to an embodiment of the present invention;

FIG. 5 1s a cross-sectional view of main parts showing the

method of manufacturing the semiconductor device contin-
ued from FIG. 4;

FIG. 6 1s a cross-sectional view of main parts showing the

method of manufacturing the semiconductor device contin-
uved from FIG. 5;

FIG. 7 1s a cross-sectional view of main parts showing the

method of manufacturing the semiconductor device contin-
ued from FIG. 6;

FIG. 8 15 a cross-sectional view of main parts showing the
method of manufacturing the semiconductor device contin-

uved from FIG. 7;

FI1G. 91s an enlarged cross-sectional view showing a part of
the FIG. 8;

FI1G. 10 1s a cross-sectional view of main parts showing the

method of manufacturing the semiconductor device contin-
ued from FIG. 8:;

FIG. 11 1s an enlarged cross-sectional view showing a part
of FIG. 10;

FI1G. 12 a cross-sectional view of main parts showing the

method of manufacturing the semiconductor device contin-
ued from FIG. 10;

FIG. 13 1s an enlarged cross-sectional view showing a part
of FIG. 10;

FI1G. 14 1s a cross-sectional view of main parts showing the

method of manufacturing the semiconductor device contin-
ved from FIG. 12;

FIG. 15 1s a cross-sectional view of main parts showing the

method of manufacturing the semiconductor device contin-
ved from FIG. 14;

FI1G. 16 1s a cross-sectional view of main parts showing the

method of manufacturing the semiconductor device contin-
uved from FIG. 15;

FIG. 17 1s a cross-sectional view of main parts showing the

method of manufacturing the semiconductor device contin-
ved from FIG. 16;

FIG. 18 1s a cross-sectional view of main parts showing the
method of manufacturing the semiconductor device contin-

ved from FIG. 17;

FIG. 19 1s a cross-sectional view of main parts showing the
method of manufacturing the semiconductor device contin-

ved from FIG. 18;

FIG. 20 1s a graph showing a comparison in rewrite toler-
ability between the semiconductor device of the embodiment
of the present invention and a conventional semiconductor
device:

FI1G. 21 1s a graph showing a comparison in charge-holding,
characteristic between the semiconductor device of the
embodiment of the present invention and a conventional
semiconductor device:

FI1G. 22 1s an enlarged cross-sectional view showing a part
of a semiconductor device according to another embodiment
of the present invention;
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FIG. 23 1s a cross-sectional view of main parts showing a
method of manufacturing the semiconductor device accord-
ing to still another embodiment of the present invention;

FIG. 24 1s a cross-sectional view of main parts showing a
method of manufacturing the semiconductor device accord-
ing to still another embodiment of the present invention;

FIG. 25 1s a cross-sectional view of main parts showing the
method of manufacturing the semiconductor device contin-
uved from FIG. 24;

FIG. 26 1s a cross-sectional view of main parts showing the
method of manufacturing the semiconductor device contin-
ued from FIG. 25;

FIG. 27 1s a cross-sectional view of main parts showing the
method of manufacturing the semiconductor device contin-
ved from FIG. 26;

FIG. 28 1s a cross sectional view showing main parts of a
conventional semiconductor device;

FIG. 29 1s a cross sectional view showing main parts of the
conventional semiconductor device; and

FIG. 30 1s an enlarged cross-sectional view showing a part
of FIG. 28.

DESCRIPTIONS OF THE PREFERRED
EMBODIMENTS

Hereiaiter, embodiments of the present invention will be
described 1n detail with reference to the accompanying draw-
ings. Note that components having the same function are
denoted by the same reference symbols throughout the draw-
ings for describing the embodiment, and the repetitive
description thereotl will be omitted.

First Embodiment

FIG. 11s aplan view of main parts showing a memory array
region ol a semiconductor device according to a first embodi-
ment of the present invention, FI1G. 2 1s a cross-sectional view
taken along the line A-A 1n FIG. 1, and FIG. 3 15 an enlarged
cross-sectional view of a part (rectangular region pointed by
an arrow) 1n FIG. 2. Note that some of the members in FIG. 1
are not shown in FIG. 1 to make the configuration of memory
array region easy to see.

The semiconductor device of the present embodiment
includes a non-volatile semiconductor memory having a
split-gate memory cell of MONOS method. The split-date
memory cell 1s comprised of a select MOS transistor and a
memory MOS transistor formed on a p-type well 3 of a p-type
silicon substrate 1 (hereinafter, 1t 1s simply referred to as
substrate). A gate electrode of the select MOS transistor (se-
lect gate 8) 1s formed of an n-type polycrystalline silicon film
and formed on a gate msulating film 7 formed of a silicon
oxide film. Also, a gate electrode of the memory MOS tran-
sistor (memory gate 10) 1s formed of an n-type polycrystalline
silicon film and located on one of sidewalls of the select gate
8. Although not shown, the select gate 8 1s connected to a
select gate line, and the memory gate 10 1s connected to a
word line.

The memory gate 10 1s electrically separated from the
select gate 8 and the p-type well 3 by a gate insulating film 9
having an L-shaped section, a part of which 1s formed on one
sidewall of the select gate 8 and the other part of which 1s
formed on the p-type well 3. The gate insulating film 9 1s
formed of a two-layered potential barrier film (bottom oxide
film 9a and top oxide film 9¢) and a charge-holding film
(s1licon mitride film 95) formed therebetween.

An n”-type semiconductor region 15 which functions as a
drain region of the memory cell 1s formed 1n the p-type well
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3 adjacent to the select gate 8. The n™-type semiconductor
region 15 (drain region) 1s connected to a data line (DL). The
data line (DL) 1s formed on an interlayer msulating film 17
covering the memory cell and 1s electrically connected to the
n*-type semiconductor region (drain region) 15 via a plug 19
in a contact hole 18. The data line (DL) 1s formed of a metal
film mainly made of aluminum alloy, and the plug 19 1is
tormed of a metal film mainly made of tungsten. On the other
hand, an n™-type semiconductor region 15 which functions as
a source region of the memory cell 1s formed 1n the p-type
well 3 adjacent to the memory gate 10. The n™-type semicon-
ductor region (source region) 15 1s connected to a common
source line (SL).

An n™-type semiconductor region 12 having an impurity
concentration lower than that of the n™-type semiconductor
region 15 1s formed 1n a region of the p-type well 3 adjacent
to the n™-type semiconductor region (drain region) 15. The
n~-type semiconductor region 12 i1s an extension region to
mitigate a high electric field at an edge of the n™-type semi-
conductor region (drainregion) 15 and to form an LDD (Light
Doped Drain) structure for the select MOS transistor. Further,
the n™ -type semiconductor region 12 having an impurity con-
centration lower than that of the n™-type semiconductor
region 13 1s formed 1n a region of the p-type well 3 adjacent
to the n*-type semiconductor region (source region) 15. The
n~-type semiconductor region 12 i1s an extension region to
mitigate a high electric field at an edge of the n™-type semi-
conductor region (source region) 15 and to form an LDD
structure for the memory MOS transistor. Sidewall spacers 14
formed of a silicon oxide film are formed on the other sidewall
of the select gate 8 and one sidewall of the memory gate 10.
These sidewall spacers 14 are used to form the n™-type semi-
conductor region (drain region) 135 and the n™-type semicon-
ductor region (source region) 15.

FIG. 3 1s an enlarged sectional view showing a neighbor-
hood of a bottom part of the select gate 8 (rectangular region
pointed by an arrow 1n FIG. 2). As shown i FIG. 3, an
interface between the bottom oxide film 9a and the silicon
nitride film 95 1n the neighborhood of the bottom part of select
gate 8 1s located at a position as high as or higher than that of
an interface between the substrate 1 (p-type well 3) and the
gate insulating film 7 (d=0). Further, the gate insulating film
7 and the bottom oxide film 94 are successively and smoothly
jointed 1n the neighborhood of the bottom part of the select
gate 8.

The configuration described above mitigates the localiza-
tion 1n electron distribution of electrons 1njected to the silicon
nitride {ilm 95 1n the writing, and the electrons left unerased
by the hot-hole erasing are reduced. Therefore, not only the
increase ratio of the amount of electrons left unerased 1n the
writing can be reduced, but also the problem 1n which the
threshold voltage does not decrease to the predetermined
voltage 1n the deletion can be suppressed. As a result, rewrite
tolerability of the memory cell can be improved.

Next, a method of manufacturing the non-volatile semi-
conductor memory device described above 1s described in the
order of processes with reference to FIG. 4 to FIG. 19. Note
that, 1n each figure to describe the manufacturing method, the
left side 1s a sectional view showing a part of the memory
array region (the region taken along the line A-A 1n FIG. 1)
and the right side 1s a sectional view showing a part of a
peripheral circuitregion. In the peripheral circuitregion of the
non-volatile semiconductor memory device, circuits com-
prised of low-withstand-voltage MOS transistors such as a
sense amplifier, a column decoder, and a row decoder and
circuits comprised of high-withstand-voltage MOS transis-
tors such as a booster circuit are to be provided. However,
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only a method of manufacturing a memory cell and a low-
withstand-voltage MOS transistor 1s described herein.

First, as shown 1n FIG. 4, device 1solation trenches 2 are
formed 1n the main surface of the substrate 1 by using well-
known manufacturing technique, and then the p-type well 3
and an n-type well 4 are formed 1n the main surface of the
substrate 1. Next, the substrate 1 1s subjected to thermal
oxidation to form the gate insulating film 5 made of silicon
oxide having a thickness of about 3 to 4 nm on respective
surfaces of the p-type well 3 and the n-type well 4. The gate
insulating film S forms the gate isulating films of the MOS
transistors configuring the peripheral circuits.

Next, as shown 1n FIG. 5, an undoped polycrystalline sili-
con film 6 having a thickness of about 150 nm 1s deposited on
the substrate 1 by CVD method. Then, the undoped polycrys-
talline silicon film 6 1n the memory array region 1s removed
through dry-etching using a photoresist film as a mask. The
undoped polycrystalline silicon film 6 forms the gate elec-
trodes of the MOS transistors of the peripheral circuits. Sub-
sequently, after a p-type impurity (boron) 1s implanted 1nto
the p-type well 3 of the memory cell array so as to Eld]llSt
threshold Voltage of the select MOS transistor, the gate 1nsu-
lating {ilm 5 1n the memory array region 1s removed by using
diluted hydrofluoric acid solution.

Next, as shown 1 FIG. 6, the substrate 1 1s subjected to
thermal oxidation to form the gate msulating film 7 made of
silicon oxide having a thickness of about 3 to 4 nm on a
surface of the p-type well 3 1n the memory array region. The
isulating film 7 forms a gate msulating film of the select
MOS transistor. Subsequently, a polycrystalline silicon film
8n having a thickness of about 200 nm 1s deposited on the
substrate 1 by CVD method. Phosphorus of about 4x10°°
atom/cm” is introduced into the polycrystalline silicon film 85
during the deposition thereot to make 1ts conductivity type to

an n-type.

Next, as shown in FI1G. 7, the polycrystalline silicon film 87
in the memory array region 1s patterned through dry etching
using a photoresist film 20 as a mask to form the select gate 8.
At this time, whole of the polycrystalline silicon film 87 1n the
peripheral circuit region 1s removed. Subsequently, as the
substrate cleaning, a surface of the substrate (p-type well 3) 1s
1sotropically dry-etched to remove the damages on the sur-
face of the substrate 1 (p-type well 3) caused by the dry
etching of the polycrystalline silicon film 8.

At the time when the polycrystalline silicon film 87 and the
gate msulating film 7 1n the memory array region are dry-
ctched, the amount of overetching of the substrate 1 1s sup-
pressed to about 1 to 3 nm. Further, also when the surface of
the substrate 1 1s 1sotropically dry-etched, the amount of
overetching of the substrate 1 1s suppressed to about 1 to 3 nm.
By this means, 1t 1s possible to Suppress the damage on the
substrate 1 due to dry etching to minimum and prevent the
polycrystalline silicon film 86 from being left unetched.
Accordingly, the reduction 1n yield can be prevented.

Normally, 1n a process to form gate electrodes through dry
etching of a polycrystalline silicon film, light thermal oxida-
tion such as ISSG (In-situ Steam Generation) oxidation 1s
implemented in order to remove the defects 1n the gate 1nsu-
lating film 1n an edge of the gate electrode. On the other hand,
in the present embodiment, since defects 1n the gate insulating
f1lm 7 are reduced by suppressing the amount of overetching
to about 1 to 3 nm, the light oxidation process after the gate
processing can be omitted. As a result, the height difference
between the surface of the substrate 1 (p-type well 3) exposed
by the overetching and the bottom surface of the select gate 8
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(polycrystalline silicon film 8#) can be made to be extremely
small, and therefore, the ON-current of the memory cell can
be increased.

Alternatively, 1n the process of forming the select gate 8 by
the dry etching of the polycrystalline silicon film 87, about 1
to 5 nm of the polycrystalline silicon film 85 1s leit, and then
the 1sotropic dry etching for both the removal of the unetched
polycrystalline silicon film 85 and the cleaning of the sub-
strate 1 may be implemented. By suppressing the etched
amount of the substrate 1 to 1 to 6 nm 1n this order of pro-
cesses, both of the suppression of yield reduction and the
removal of damages by the dry etching can be achieved at the
same time.

Next, as shown 1n FIG. 8, the bottom oxide film 9a to be a
part of the gate insulating film 9 1s formed. The bottom oxide
f1lm 9a 1s formed by using both of the thermal oxidation and
the CVD method, and 1t has a thickness of about 2 to 7 nm. As
the thermal oxidation, for example, ISSG oxidation, dry oxi-
dation, wet oxidation, and plasma oxidation can be used. As
the CVD method, for example, normal-pressure CVD, low-
pressure CVD, and plasma CVD can be used. Further, 1nstead
of CVD method, ALD (Atomic Layer Deposition) method
can be used. Still further, by performing the annealing 1n an
atmosphere containing mitrogen, hydrogen, deuterium and
the like or 1n vacuum 1n the midst of forming the bottom oxide
film 9a or after the bottom oxide film 9a i1s formed, the
reliability of the bottom oxide film 94 can be improved.

FI1G. 91s an enlarged cross-sectional view showing a neigh-
borhood of a bottom part of the select gate 8 (rectangular
region pointed by an arrow in FIG. 8). As described above,
when forming the select gate 8 by the dry etching of the
polycrystalline silicon {ilm 8z, the amount of overetching of
the substrate 1 1s suppressed, and the height difl

erence
between the surface of the substrate 1 and the bottom surface
of the select gate 8 1s made extremely small 1n the present
embodiment. Accordingly, when the bottom oxide film 9a 1s
formed on the surface of the substrate 1 and the surface of the
select gate 8, the interface between the bottom oxide film 9a
and the silicon nitride film 956 1n the neighborhood of the
bottom part of the select gate 8 1s located at a position as high
as or higher than that of the interface between the substrate 1
(p-type well 3) and the gate insulating film 7 (d=0). Further,
the gate mnsulating film 7 and the bottom oxide film 9a are
successively and smoothly jointed in the neighborhood of the
bottom part of the select gate 8.

Next, as shown 1in FIG. 10 and FIG. 11, the silicon nitride
film 95 to be a part of the gate msulating film 9 (charge-
holding film) 1s formed on the bottom oxide film 9a. The
silicon nitride film 95 1s formed through thermal CVD at
about 800° C. using dichlorosilane (S1H,Cl,) and ammonium
(NH,) as source material, and 1t has a thickness of about 13 to
15 nm. The thickness of the silicon nitride film 95 1s deter-
mined arbitrarily 1in accordance with the demands for the
reduction of operational voltage and improvement of charge-
holding characteristics.

Alternatively, after the bottom oxide film 9a 1s formed,
prior to forming the silicon nitride film 95, the bottom oxide
film 9a may be nitrided in a high-temperature atmosphere
contaiming oxynitride such as N,O to segregate nitrogen on
the interface between the bottom oxide film 9a and the sub-
strate 1 (p-type well 3). By this nitridation process, hot-carrier
tolerability of the select MOS ftransistor and the memory
MOS transistor configuring the memory cell 1s improved, and
therefore, the characteristics of the memory cell (such as
rewrite characteristic) can be improved.

Next, as shown in FIG. 12 and FIG. 13, the top oxide film

9c to be a part of the gate insulating film 9 1s formed on the
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silicon nitride film 956. The top oxide film 9c¢ 1s formed by
using ISSG oxidation method to oxidize a part of the silicon
nitride film 954, and it has a thickness of about 4 to 6 nm. The
top oxide film 9c¢ can be formed also by dry oxidation, wet
oxidation, plasma oxidation and the like instead of ISSG
oxidation. Further, the top oxide film 9¢ can be formed by
depositing a silicon oxide film through CVD. Note that, it 1s
needless to say that the present invention cab be applied to the
case where the gate isulating film 9 1s comprised of the
bottom oxide film 9a and the silicon mitride film 956 without
forming the top oxide film 9c.

Next, the memory gate 10 1s formed on one sidewall of the
select gate 8. When forming the memory gate 10, as shown 1n
FIG. 14, a polycrystalline silicon film 107 deposited by CVD
method on the substrate 1 1s anisotropically etched so as to
leave the polycrystalline silicon film 107 on both sidewalls of
the select gate 8. Phosphorus of about 4x10°° atom/cm” is
introduced into the polycrystalline silicon film 107z during the
deposition thereof to make 1ts conductivity type to an n-type.
A channel length of the memory MOS ftransistor 1s deter-
mined according to the thickness of the polycrystalline sili-
con film 107. In the present embodiment, since the thickness
of the polycrystalline silicon film 107 1s designed about 60
nm, the channel length of the memory MOS transistor 1s
about 60 nm.

Next, as shown 1n FIG. 15, the memory gate 10 formed of
the n-type polycrystalline silicon film 10# 1s formed on one
sidewall of the select gate 8 by etching the n-type polycrys-
talline silicon film 107 on the other sidewall of the select gate
8 with using a photoresist film 21 as a mask. Next, as shown
in FIG. 16, the three-layered insulating film configuring the
gate insulating film 9 1s etched by using hydrofluoric acid and
phosphoric acid. As a result, the gate insulating film 9 1s left
only 1n the region covered with the memory gate 10 (one
sidewall of the select gate 8 and lower part of the memory gate
10), and the gate insulating film 9 1n the other region 1s
removed.

Next, as shown n FI1G. 17, after an undoped polycrystalline
silicon film 6A 1n the peripheral circuit region is patterned by
the dry etching using a photoresist film 22 as a mask, the gate
insulating film 35 1s etched using diluted hydrofluoric acid
solution to leave the gate insulating film S only below the
undoped polycrystalline silicon film 6A.

Next, as shown in FIG. 18, phosphorus 1s 1on-implanted
into the p-type well 3 in the memory array region and the
p-type well 3 1n the peripheral circuit region to form the
n~-type semiconductor regions 12 in the p-type well 3 1n the

memory array region and the p-type well 3 1n the peripheral
circuit region. Further, a gate electrode 6n 1s formed on the
p-type well 3 1n the peripheral circuit region. Still turther,
boron 1s 1on-implanted 1nto the n-type well 4 to form p~-type
semiconductor regions 13 and a gate electrode 6p.

Next, as shown 1n FIG. 19, the sidewall spacers 14 are
respectively formed on one 31dewalls of the select gate 8 and
the memory gate 10 formed 1n the memory array region, and
the sidewall spacers 14 are formed on both sidewalls of the
gate electrodes 67 and 6p 1n the peripheral circuit region. The
sidewall spacers 14 are formed by anisotropically etching a
s1licon oxide film deposited on the substrate 1 through CVD.
Subsequently, phosphorus 1s 1on-implanted into the p-type
well 3 1n the memory array region and the p-type well 3 1n the
peripheral circuit region, and boron 1s 10n-1mplanted into the
n-type well 4. Thereaftter, the substrate 1 1s subjected to ther-
mal treatment to diffuse the impurities, thereby forming the
n™-type semiconductor regions (source and drain regions) 15
and the p*-type semiconductor regions (source and drain
regions) 16. Through the processes described above, a split-
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gate memory cell of MONOS method 1s formed 1n the
memory array region, and an n-channel MOS transistor and a
p-channel MOS transistor are formed 1n the peripheral circuit
region.

Thereafter, the interlayer mnsulating film 17 formed of a
stacked layer of a silicon nitride film and a silicon oxide film
1s deposited on the substrate 1, and then the contact hole 18 1s
formed 1n the interlayer insulating film 17. Subsequently,
alter the plug 19 1s embedded in the contact hole 18, the data
line DL 1s formed on the mterlayer insulating film 17. In this

manner, the non-volatile semiconductor memory device
shown 1n FIG. 1 to FIG. 3 described above 1s completed.

As described above, 1n the split gate memory cell of the
present embodiment, the interface between the bottom oxide

f1lm 9a and the silicon nitride film 95 1n the neighborhood of
the bottom part of the select gate 8 15 located at a position as

high as or higher than that of the interface between the sub-
strate 1 (p-type well 3) and the gate insulating film 7. Further,
the gate msulating film 7 and the bottom oxide film 9a are
successively and smoothly jointed in the neighborhood of the
bottom part of the select gate 8.

In the configuration described above, the localization in
clectron distribution can be mitigated when information 1s
written by injecting electrons into the charge-holding film 95.
Theretore, the rewrite tolerability of the memory cell can be
improved. FIG. 20 1s a graph showing a comparison between
the rewrite tolerability of the split-gate memory cell of the
present embodiment and that of a conventional split-gate
memory cell (1.e., memory cell in which the interface between
the bottom oxide film and the silicon mitride film 1n the neigh-
borhood of the bottom part of the select gate 1s located at a
position lower than the interface between the substrate and
the gate insulating film). According to the comparison in
variation of threshold values at the time when the number of
times of the rewriting is 10°, an improvement of about 0.3V
1s observed 1n the present invention.

Further, the mitigation of localization 1n electron distribu-
tion leads to the mitigation of the localization in hole distri-
bution and also the mitigation of the positive electric field to
the substrate 1. Therefore, the frequency of the electrons to be
pulled into the silicon nitride film 96 due to the positive
clectric field 1s decreased, and the phenomenon in which the
threshold voltage increases with the passage of time (decrease
of charge-holding characteristic) can be suppressed. FI1G. 21
1s a graph showing a comparison between the charge-holding
characteristic of the split-gate memory cell of the present
embodiment and that of the conventional split-gate memory
cell (1.e., memory cell 1n which the interface between the
bottom oxide film and the silicon nitride film 1n the neighbor-
hood of the bottom part of the select gate 1s located at a
position lower than the interface between the substrate and
the gate msulating film). According to the comparison, the
charge-holding characteristic 1s improved after 100 or more
hours 1n the present embodiment. The effect of suppressing,
deterioration of the bottom oxide film 94 obtained by the time
reduction of the hot-hole erasing probably contributes to this
characteristic improvement.

Although the silicon nitride film 96 1s used as the charge-
holding film 1n the present embodiment, the charge-holding
f1lm can be comprised of a film of oxides or silicon oxides of,
for example, tantalum, titantum, zirconium, hafnium, lantha-
num, aluminum and the like. These metal oxides and metal
silicates can be formed by using vapor-phase deposition
method, atomic layer deposition method or the like. By con-
figuring the charge-holding film from these metal oxides or
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metal silicates which have dielectric constants higher than
that of silicon nitride, the rewrite efficiency can be further
improved.

Silicon nanocrystal may be used for the charge-holding
film. In this case, as shown 1n FIG. 22, dots of silicon nanoc-
rystal 94 arranged to be discrete to each other are insulated by
the top oxide film 9¢. Since the silicon nanocrystal 94 has a
characteristic that charges accumulated 1n the dots hardly
move between the dots, charges are accumulated discretely
similar to the case of the silicon nitride film 956. The silicon
nanocrystal 94 1s formed on the bottom oxide film 9a 1n a
self-assembled manner through low-pressure CVD at 600° C.
to 800° C. using, for example, silane (S1H,) as 1ts source
material. Thereafter, the top oxide film 9c¢ 1s deposited
through CVD to 1solate and insulate the dots of the silicon
nanocrystal 94.

Second Embodiment

Though the bottom oxide film 9a as a part of the gate
insulating film 9 1s formed by using both the thermal oxida-
tion and CVD method 1n the first embodiment described
above, 1t 1s also possible to form the bottom oxide film 9a 1n
the following manner.

First, the select gate 8 1s formed through the process shown
in FIG. 4 to FIG. 7 of the first embodiment described above,
and subsequently, the surface of the substrate 1 (p-type well 3)
1s cleaned by the 1sotropic dry etching. When forming the
select gate 8, the amount of overetching on the substrate 1 1s
suppressed so that the height difference between the surface
of the substrate 1 and the bottom surface of the select gate 8 1s
made extremely small.

Next, as shown 1n FIG. 23, after the bottom oxide film 9a 1s
tormed through thermal CVD, the silicon nitride film 95 to be
a part of the gate msulating film 9 (charge-holding film) 1s
formed on the bottom oxide film 9a. When forming the bot-
tom oxide film 9a through thermal CVD, the film 1s filmed 1n
a low-temperature condition of 900° C. or lower, more prei-
crably, 700° C. or lower. As a result, since 1t 1s possible to
suppress the progress of the thermal oxidation toward the
depth direction of the substrate 1, similar to the first embodi-
ment described above, the interface between the bottom oxide
f1lm 9a and the silicon nitride film 95 1s located at a position
as high as or higher than that of the interface between the
substrate 1 and the gate insulating film 7. Further, the gate
insulating film 7 and the bottom oxide film 9a are succes-
stvely and smoothly jointed in the neighborhood of the bot-
tom part of the select gate 8. The method to form the bottom
oxide f1lm 9a 1s not limited to the thermal CVD as long as the
film 1s formed 1n a low-temperature condition of 900° C. or
lower, more preferably, 700° C. or lower. For example,
plasma CVD, atomic layer deposition or the like can be used.

Moreover, when the reliability of the bottom oxide film 9a
deposited at a low temperature 1s insuificient, atter the bottom
oxide film 9a 1s deposited, the bottom oxide film 9a can be
oxidized again through ISSG oxidation at 700° C. to 1000° C.
Alternatively, the bottom oxide film 9a can be formed by
alternately repeating the deposition of low-temperature CVD
and the ISSG oxidation. In this regard, when ISSG oxidation
1s used, the thermal oxidation toward the depth direction of
the substrate 1 tends to progress more readily 1n comparison
to the low-temperature CVD. Therefore, if1t poses a problem,
the annealing 1n an atmosphere containing nitride, hydrogen,
deuterium and the like or 1n vacuum at 400° C. to 1000° C.
may be performed 1n the midst of or after depositing the
bottom oxide film 9a through low-temperature CVD.
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According to the present embodiment, similar to the first
embodiment described above, 1t 1s possible to mitigate the
localization 1n electron distribution 1n the writing. Therefore,
the rewrite tolerability of the memory cell can be improved.
Note that, also 1n the present embodiment, metal oxides,
metal silicates, silicon nanocrystal and the like can be used as
the charge-holding film formed on the bottom oxide film 9a.

Third Embodiment

It 1s also possible to form the bottom oxide film 94 1n the
following manner. First, the select gate 8 1s formed through
the process shown 1n FIG. 4 to FIG. 7 of the first embodiment
described above. When forming the select gate 8, it 1s prefer-
able to suppress the amount of overetching of the substrate 1
so that the height difference between the surface of the sub-
strate 1 and the bottom surface of the select gate 8 1s made
small.

Next, as shown 1n FI1G. 24, a silicon oxide film 9¢ having a
thickness of about 2 to 7 nm 1s formed on the respective
surfaces of the substrate 1 (p-type well 3) and the select gate
8 through thermal oxidation. As the thermal oxidation, ISSG
oxidation, dry oxidation, wet oxidation, and plasma oxidation
and the like can be used.

Next, as shown 1n FIG. 25, the silicon oxide film 9e 1s
anmisotropically dry-etched so as to leave the silicon oxide film
9¢ on the sidewall of the select gate 8 and expose the surface
of the substrate 1 (p-type well 3). Subsequently, as the sub-
strate cleaning, the surface of the substrate 1 1s 1sotropically
dry-etched to remove the damages on the surface of the sub-
strate 1 caused by the dry etching. In the dry etching of the
silicon oxide film 9e, the amount of overetching of the sub-
strate 1 1s suppressed to 1 to 3 nm. Further, also in the 1sotro-
pic dry etching of the substrate 1, the amount of overetching,
of the substrate 1 1s suppressed to 1 to 3 nm.

Next, as shown 1n FIG. 26, a silicon epitaxial layer 11 1s
formed on the surface of the substrate 1 (p-type well 3)
exposed by the etching described above. The silicon epitaxial
layer 11 1s formed through CVD using dichlorosilane
(S1H,Cl,) as 1ts material gas and a mixed gas of hydrogen and

hydrogen chloride as 1ts carrier gas 1n a temperature condition
of 600° C. to 1100° C. The silicon epitaxial layer 11 has a

thickness of about 5 to 20 nm, and the silicon epitaxial layer
11 1s designed so that a surface thereof 1s located at a position
higher than that of the interface between the substrate 1 and

the gate mnsulating film 7.

Next, as shown 1n FIG. 27, the substrate 1 1s subjected to
thermal oxidation, thereby transforming a part or whole of the
silicon epitaxial layer 11 into a silicon oxide film. By this
means, the bottom oxide film 9a having a thickness of about
2 to 7 nm 1s formed on the surface of the substrate 1 (p-type
well 3). As the thermal oxidation, ISSG oxidation, dry oxi-
dation, wet oxidation, plasma oxidation and the like
described above can be used. Further, after the bottom oxide
f1lm 9a 1s formed, 1 order to improve the reliability thereof,
annealing can be performed 1n an atmosphere containing
nitrogen, hydrogen, deuterium and the like or 1n vacuum as
described above.

By forming the bottom oxide film 9a through the procedure
described above, an upper surface of the bottom oxide film 9a
1s located at a position as high as or higher than that of the
interface between the substrate 1 and the gate msulating film
7. Theretore, when the silicon nitride film 95 1s formed on the
bottom oxide film 9a 1n the subsequent process, the interface
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between the bottom oxide film 9a and the silicon nitride film
95 1s located at a position as high as or higher than that of the
interface between the substrate 1 and the gate mnsulating film
7. Further, the gate insulating film 7 and the bottom oxide film
9a are successively and smoothly jointed in the neighborhood
of the bottom part of the select gate 8.

According to the present embodiment, similar to the first
embodiment described above, 1t 1s possible to mitigate the
localization 1n electron distribution 1n the writing. Therefore,
the rewrite tolerability of the memory cell can be improved.
Note that, also 1n the present embodiment, metal oxides,
metal silicates, silicon nanocrystal and the like can be used as
the charge-holding film formed on the bottom oxide film 9a.

In the foregoing, the mnvention made by the inventors of the
present invention has been concretely described based on the
embodiments. However, 1t 1s needless to say that the present
ivention 1s not limited to the foregoing embodiments and
various modifications and alterations can be made within the
scope of the present invention.

The present invention 1s applicable to a non-volatile
memory mountable on a microcomputer.

What 1s claimed 1s:

1. A method of manufacturing a semiconductor device
comprising a plurality of memory cells arrayed on a semicon-
ductor substrate of a first conductivity type,

wherein each of the memory cells includes

a select gate formed on the semiconductor substrate with a
first gate msulating film interposed therebetween;

a memory gate formed on one sidewall of the select gate
and msulated from the select gate and the semiconductor
substrate via a second gate insulating film;

a semiconductor region of a second conductivity type that
operates as a source region 1n a writing operation and 1s
formed 1n the semiconductor substrate adjacent to the
select gate; and

a semiconductor region of the second conductivity type
that operates as a drain region 1n a writing operation and
1s formed 1n the semiconductor substrate adjacent to the
memory gate,

wherein the second gate insulating film 1s configured to
include at least a potential barrier film and a charge-
holding film stacked on the potential barrier film,

wherein a process to form the memory cell includes the
steps of:

(a) forming the select gate on the semiconductor substrate
with the first gate msulating film interposed therebe-
tween by etching, wherein an amount of overetching of
the substrate 1s suppressed to approximately 1 to 3 nm;

(b) forming the second gate insulating film including at
least the potential barrier film and the charge-holding
film so as to cover a surface of the semiconductor sub-
strate and a surface of the select gate;

(¢) forming the memory gate on one sidewall of the select
gate by patterming a conductive film formed on the sec-
ond gate mnsulating film;

(d) leaving the second insulating film between the sidewall
of the select gate and the memory gate and between the
semiconductor substrate and the memory gate by pat-
terning the second gate insulating film; and

(¢) forming the source region formed of the semiconductor
region ol the second conductivity type in the semicon-
ductor substrate adjacent to the select gate and forming
the drain region formed of the semiconductor region of
the second conductivity type 1n the semiconductor sub-
strate adjacent to the memory gate by introducing an
impurity into the semiconductor substrate, and
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wherein, in the step (b), the second gate insulating film 1s
formed so that an interface between the potential barrier
film and the charge-holding film 1n a neighborhood of a
bottom part of the select gate 1s located at a position as
high as or higher than an interface between the semicon-
ductor substrate and the first gate insulating film.

2. The method of manufacturing a semiconductor device
according to claim 1,

wherein the potential-barrier film 1s formed by forming a
first silicon oxide film by thermally oxidizing the semi-
conductor substrate and then depositing a second silicon
oxide film on the first s1licon oxide film by vapor-phase
deposition method, and

wherein a thickness of the potential-barrier film 1s con-
trolled so that an upper surface of the potential barrier
film 1n the neighborhood of a bottom part of the select
gate 15 located at a position as high as or higher than that
of an interface between the semiconductor substrate and
the first gate msulating film.

3. The method of manufacturing a semiconductor device
according to claim 2,

wherein the first silicon oxide film 1s formed by ISSG

oxidation, dry oxidation, wet oxidation, or plasma oxi-
dation, and the second silicon oxide film 1s formed by
CVD method or atomic layer deposition.
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4. The method of manufacturing a semiconductor device
according to claim 2 further comprising the step of:
annealing the potential-barrier film after forming the
potential-barrier film and before the step of forming the
charge-holding film.
5. The method of manufacturing a semiconductor device
according to claim 1,
wherein the charge-holding film 1s comprised of a silicon
nitride film.
6. The method of manufacturing a semiconductor device
according to claim 1,
wherein the charge-holding film 1s comprised of a metal
oxide or a metal silicate of either one of metals selected
from a group including tantalum, titanium, zirconium,
hatnium, lanthanum, and aluminum.
7. The method of manufacturing a semiconductor device
according to claim 1,
wherein the charge-holding film 1s comprised of silicon
nanocrystals discretely arranged 1n an 1nsulating film.
8. The method of manufacturing a semiconductor device
according to claim 1,
wherein the potential-barrier film 1s formed by thermally
oxidizing the semiconductor substrate at a temperature
of 900° C. or lower, more preferably, 700° C. or lower.
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